Introduction
============

Peripheral nerve crush injury is relatively common in clinical situations, arising from trauma and often leads to severe motor and sensory dysfunctions.[@b1-ijn-12-4195],[@b2-ijn-12-4195] A number of therapies have been investigated for nerve regeneration including the use of growth factors, tissue engineering scaffolds, and physical stimulation; all have been demonstrated to result in relatively satisfying repair outcome.[@b3-ijn-12-4195],[@b4-ijn-12-4195] Gene therapy offers a new advancement that may contribute in the treatment of nerve crush injury via the delivery of specific genetic materials (DNA and RNA) to the targeted cells. The gene delivery system, containing viral vectors, nonviral vectors, and engineered vectors, provides the means for transporting genetic material into the target cells.[@b5-ijn-12-4195]--[@b14-ijn-12-4195] Nonviral vectors have been thoroughly investigated in the past few years due to their lower immunogenicity and cytotoxicity, higher transfection efficiency and longer gene expression duration.[@b6-ijn-12-4195],[@b15-ijn-12-4195],[@b16-ijn-12-4195] Polyethylenimine (PEI) is considered the gold standard for both in vivo and in vitro gene transfer in the field of cationic polymers because of its strong DNA condensation capacity and specific endosomolytic activity.[@b17-ijn-12-4195]--[@b20-ijn-12-4195] Low molecular weight PEI (\<20 kDa) has shown relatively low cytotoxicity but poor transfection efficiency.[@b21-ijn-12-4195],[@b22-ijn-12-4195] Degradable linkers can conjugate with low molecular weight PEI to form cationic polymers with lower cytotoxicity and higher transfection efficiency. Lots of works have been done about cross-linked low molecular weight PEI in our previous research.[@b23-ijn-12-4195],[@b24-ijn-12-4195] In this study, we cross-linked PEI1.8kDa with 2,6-pyridinedicarboxaldehyde (PDA) to develop a biodegradable low molecular weight cationic polymer (PDAPEI), which showed a higher transfection efficiency and a relatively low cytotoxicity in various cell lines.

MicroRNAs (miRNAs) are small noncoding RNAs that regulate gene expression of target mRNAs to inhibit or induce cell differentiation, proliferation, migration, apoptosis, and even metabolism.[@b25-ijn-12-4195]--[@b27-ijn-12-4195] Many miRNAs have been shown to be relevant in nerve regeneration. MiR-338 and miR-21 cotransfection can accelerate axonal regeneration and facilitate functional recovery following peripheral nerve injury.[@b28-ijn-12-4195] MiR-1 regulates Schwann cell (SC) proliferation and migration by modulating brain-derived neurotrophic factor following peripheral nerve injury.[@b29-ijn-12-4195] MiR-431 regulates axon regeneration in mature sensory neurons via the Wnt antagonist Kremen1.[@b30-ijn-12-4195] MiR-221/222 plays an important role in promoting SC proliferation, migration, and regulating nerve growth factor (NGF) expression through several signaling pathways.[@b31-ijn-12-4195],[@b32-ijn-12-4195] However, its role in peripheral nerve regeneration is still not clear. SCs play a crucial role in peripheral nerve regeneration by promoting myelination and neurotrophic function.[@b33-ijn-12-4195] Because the sciatic nerve crush injury (SNCI) model is widely used for studying peripheral nerve regeneration, we selected SCs for in vitro study and SNCI for the in vivo study.

In previous work, we have synthesized an efficient and nontoxic biological response carrier named PDAPEI.[@b34-ijn-12-4195],[@b35-ijn-12-4195] In this study, we examined miR-221/222 upregulating the gene for peripheral nerve regeneration. PDAPEI was used as the vector and its characteristics, cytotoxicity, and transfection efficiency were investigated in SCs. To further understand the potential for nerve regeneration, we explored the expression of NGF and myelin basic protein (MBP) in vitro in SCs following transfection and the regeneration of SNCI followed PDAPEI/miR-221/222 complexes treatment in vivo.

Materials and methods
=====================

Materials
---------

PEI (25 and 1.8 kDa) and anhydrous ethylene dichloride (EDC) were purchased from Sigma-Aldrich (St Louis, MO, USA). PDA was purchased from TCI (Shanghai) Development Co., Ltd. Cell Counting Kit (CCK-8) was purchased from Sigma-Aldrich (Milwaukee, WI, USA). Cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (MediaTech, Herndon, VA, USA) containing 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA). Mir-221/222 encoding GFP was constructed by Bioroot Biology (Shanghai, China) with the following sequences: 3′-UUUGGUCGUCUGUUACAUCG-5′ and 3′-UGGGUCAUCGGUCUACAUCG-3′.

Cell culture
------------

Rat RSC96 SCs were purchased from the cell bank of Chinese Academy of Sciences (Shanghai, China) and cultured in DMEM containing 10% FBS and 1% antibiotics at 37°C with a CO~2~ concentration of 5%. Immunofluorescence staining of SCs makers of p75NGFR and S100-β (Abcam, Cambridge, UK) demonstrated that highly purified SCs (\>99%) were used in our experiment ([Figure 1](#f1-ijn-12-4195){ref-type="fig"}).

Preparation of PDAPEI
---------------------

PDAPEI cationic polymer synthesis was performed as previously described in our published paper.[@b34-ijn-12-4195] Briefly, PEI1.8kDa (1 mmol) was introduced into anhydrous EDC solution (20 mL) and stirred vigorously to dissolve completely. PDA (2 mmol) was dissolved in anhydrous EDC (20 mL) and then added dropwise into the PEI solution with vigorous stirring at room temperature. After stirring for 48 h, the solvent was evaporated. After 24 h of dialysis to remove small fragments (\<10 kDa), the freeze-dried yellowish dialysis was PDAPEI. The polymer was stored at -20°C for further use. The structure of PDAPEI was confirmed by proton nuclear magnetic resonance (^1^H NMR) and Fourier transform infrared spectroscopy (FTIR).

Preparation and characterization of PDAPEI complexes (polyplexes)
-----------------------------------------------------------------

PDAPEI/miR-221/222 complexes were prepared by adding different concentrations of PDAPEI (2 mg/mL) to the DNA solution (20 ng/μL, miR-221 and miR-222 of equal weight). In this study, we selected preset nitrogen-to-phosphor (N/P) trial ratios of PDAPEI/miR-221/222 and used PEI25kDa/miR-221/222 complexes as a control. The particle size and zeta potential of the polyplexes were measured, using Brookhaven Particle Size Analyzer (90 Plus). The morphology of the polyplexes was observed using a transmission electron microscope (TEM, JEM 2010 system JEOL, Japan). The condensation ability of PDAPEI/miR-221/222 complexes was evaluated by gel electrophoresis, stained with ethidium bromide for semiquantitative measurements, and detected using a Gel Doc EZ system (Bio-Rad, Hercules, CA, USA). The results were repeated three times and the densitometry was shown as mean ± standard deviation (SD).

Cytotoxicity of the PDAPEI/miR-221/222 nanoparticles
----------------------------------------------------

In vitro cytotoxicity was determined using CCK-8 assay. SCs (1×104/well) were seeded into a 96-well plate and incubated at 37°C for 24 h. Then the solutions of PDAPEI/miR221/222 with different N/P ratios were added into the wells (PEI25kDa/miR-221/222 complexes as control). After 4 and 24 h of incubation, 10 μL CCK8 reagent was added into each well, and the plates were further incubated for 2 h for cell viability determination. A multifunctional microplate reader (SpectraMax M3 Multi-Mode Microplate Reader) was used to measure cell viability. In vivo toxicity was determined by visceral and local muscle tissue damage following local right thigh muscle injection of the PDAPEI/miR221/222 complexes (at N/P ratio of 300, saline as control). The main organs and right thigh muscle were harvested 1 week after injection to determine the damage by hematoxylin--eosin staining.

Gene transfection efficiency
----------------------------

To determine the transfection efficiency of PDAPEI/miR221/222 complexes, SCs (5--10×10^4^/mL) were seeded into 12-well plates and cultured for 24 h till the cells reached 80%--90% confluence. The medium in each well was then replaced with 200 μL of PDAPEI/miR221/222 complexes solution at different N/P ratios and 800 μL DMEM for an additional 4 h of incubation (naked miR-221/222 as negative control, PEI25kDa/miR-221/222 at N/P ratio of 10 as positive control). The transfection medium was replaced with 1 mL of fresh DMEM medium containing 10% FBS and incubated for another 48 h. Then GFP-positive cells were viewed under a fluorescence microscope (Olympus, Tokyo, Japan) and quantified by flow cytometry (BectoneDickinson, Franklin Lakes, NJ, USA).

NGF and MBP expression
----------------------

SCs in 12-well plates were divided into four groups: miR-221/222^+^ group (PDAPEI transfected miR-221/222 mimics), miR-221/222^−^ group (PDAPEI transfected miR-221/222 inhibitor), negative control group (PDAPEI without miRNA), and the blank group not transfected with anything (PBS control). Western blot analysis was performed to examine NGF and MBP expression. SCs were cultured for an additional 4 days after transfection. The treated SCs were washed in 0.1 M PBS on ice and lysed in RIPA buffer including 0.005 M Tris, 0.001 M ethylenediaminetetraacetic acid, 100 μg/mL PMSF, and 1 mM activated sodium orthovanadate. The solution was then centrifuged at 1,500 rpm for 15 min, and the supernatants were collected. Protein concentrations were determined using a bicinchoninic acid assay kit (Beyotime), according to the manufacturer's protocol. The antibodies used in this procedure were as follows: anti-rabbit MBP (1:1,000; Abcam, Cambridge, MA, USA), anti-rabbit NGF (1:1,000; Abcam) as primary antibodies and horseradish peroxidase (HRP)-labeled secondary antibody (1:3,000; Santa Cruz Biotech, Santa Cruz, CA, USA). Western blotting was performed at least twice for each sample and quantified using ImageJ software. For gene expression studies, cells were collected after 4 days of incubation following transfection. Total RNA was isolated from the cells using a High Pure RNA isolation kit (Qiagen, Valencia, CA, USA). The RNA was reverse transcribed into double-stranded cDNA using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). The primer sequences of NGF (forward: 5′-CATGCTGGACCCAAGCTCA-3′; reverse: 5′-GACATTACGCTATGCACCTCAGTG-3′) and MBP (forward: 5′-GGCCCCGTGGATGGA-3′; reverse: 5′-GAGGCGCGAAAGGAGATG-3′) were synthesized and purified by TAKARA, Inc. The cDNAs for NGF and MBP were amplified by RT-PCR under the following conditions: denaturation at 95°C for 10 min; 40 cycles of denaturation steps at 95°C for 15 s per cycle, and annealing/extending processes at 60°C for 1 min. Glyceraldehyde 3-phosphate dehydrogenase was used as an endogenous control and the agarose gels electrophoresis results were visualized under UV light.

Animal study
------------

Twenty-four Sprague-Dawley rats (male, weighing 200--250 g) were housed under standard laboratory conditions. The rats were anesthetized by intraperitoneal injection of 50 mg/kg pentobarbital sodium, and a 2-cm incision was made on the right thigh to expose the sciatic nerve under sterile conditions. The sciatic nerve was crushed with a vascular clamp for 30 seconds to cause constant SNCI. The incision was then closed with a suture. The animals were randomly divided into four groups (n=6): the PDAPEI/miR-221/222^+^ complexes group, the PDAPEI/miR-221/222^−^ complexes group, the negative control group (PDAPEI without miRNA), and the blank group (treated with saline without PDAPEI or miRNA). The treatment was commenced 7 days after the injury when SNCI model was successfully made and the wound had healed completely. Different solutions were injected into around the injury site once daily for 7 days in all four groups. The PDAPEI/miR221/222 (mimics or inhibitor) (N/P ration of 200) group was injected with 100 μL of solution and the total amount of miR-221/222 injected was 10 μg for each mouse. The PDAPEI without miRNA group was injected with 300 μg PDAPEI in 100 μL of saline, whereas the control group was injected with 100 μL of saline alone. All rats were housed under standardized laboratory conditions and monitored to observe any changes in ordinary conditions and activities. All animal experiments were conducted strictly in accordance with the guidelines approved by the Regulations for the Administration of Affair Concerning Laboratory Animals for Shanghai Jiao Tong University, the National Institutes of Health Guide for Care and Use of Laboratory Animals (GB14925-2010), the Regulations for the Administration of Affairs Concerning Experimental Animals (China, 2014). The Animal Ethics Committee of Shanghai Jiao Tong University Affiliated Sixth People's Hospital reviewed and approved the experiments.

Electrophysiological, sciatic function index (SFI), and the weight of triceps surae muscles were used to evaluate the functional recovery in the four groups. Each rat was anesthetized and the sciatic nerve was exposed. Then a monopolar recording electrode and bipolar stimulating electrodes were placed to induce and record the electrical activity. A digital MYTO electromyograph machine (Esaote, Genoa, Italy) was used to evaluate the nerve conduction velocity (NCV) and distal compound motor action potential (DCMAP). The SFI was calculated to assess the recovery of nerve function by the walking track analysis at the same time. Meanwhile, triceps surae muscles were carefully resected and weighted to evaluate the recovery rate of triceps surae muscles. All procedures used were described in our previous study.[@b36-ijn-12-4195]

To investigate the extent of nerve remyelination, we assessed the ultrastructure of myelin sheaths under a TEM and MBP expression by immunohistochemistry staining. A 2-mm segment was harvested from the injury site and fixed in cold buffered 3% glutaraldehyde solution then processed for TEM (JEOL JEM 2010 system). The captured images were analyzed with OpenLab software (Improvision, Conventry, UK). For MBP immunohistochemistry analysis, 2-mm thick segments were fixed in 10% neutral buffered formalin for 48 h. After washing, dehydration, and xylene transparent, tissues were embedded in paraffin and cut into 4-μm sections and baked at 65°C for 30 min. The sections were deparaffinized and rehydrated before antigen retrieval using 0.01 M sodium citrate buffer solution under high pressure for 15 min. Sections were washed three times with 0.02 M PBS (3 min for each time) after cooling naturally for antigen repair. The sections were treated with 3% H~2~O~2~ and primary anti-MBP antibody (1:100; Sigma-Aldrich) and then incubated at 4°C overnight. HRP-labeled secondary antibody (1:200; Abcam, UK) was added, and the sections were incubated for another 30 min at room temperature. DAB stain and hematoxylin stain were used after incubation. A light microscope was used to visualize and quantify the positive areas. HPIAS-1000, a high-resolution pathological image analysis system was used for the quantitative analysis of MBP expression.[@b37-ijn-12-4195] Investigators were blinded for image analyses and five randomly observation regions were selected in each section.

Statistical analysis
--------------------

Data are presented as the mean ± standard error of five replicates. Analysis of variance and Student's *t*-test were used for statistical analysis, and *P*\<0.05 was considered statistically significant.

Results
=======

Preparation of PDAPEI
---------------------

The chemical synthesis reaction to produce PDAPEI is shown in [Figure 2](#f2-ijn-12-4195){ref-type="fig"}. The structure of PDAPEI was confirmed by ^1^H NMR and FTIR, as described in our previous study.[@b34-ijn-12-4195],[@b35-ijn-12-4195]

Characteristics of PDAPEI/miR-221/222 complexes (polyplexes)
------------------------------------------------------------

To confirm the characteristics of the polyplexes, agarose gel electrophoresis was performed, and the particle size, zeta potential, and morphology of PDAPEI/miR-221/222 polyplexes were measured. As shown in [Figure 3A](#f3-ijn-12-4195){ref-type="fig"}, the electrophoresis band for miR-221/222 became completely invisible when the N/P reached 5 for PDAPEI, while a partly migration of miR-221/222 was observed at N/P ratio of 4 and below. The results from Gel Doc EZ system detection indicated that the binding capability of PDAPEI gradually increased with a higher N/P ratio and formed an approximate sigmoidal curve ([Figure 3B](#f3-ijn-12-4195){ref-type="fig"}). For the particle size, PDAPEI/miR-221/222 polyplexes at N/P ratios ranging from 1 to 300 were measured and the results are presented in [Figure 4A](#f4-ijn-12-4195){ref-type="fig"}. The particle size of PDAPEI/miR-221/222 waŝ70 nm for all 7 ratios, which is almost the same as the size of the PEI25kDa/miR-221/222 particle. When the N/P ratio increased from 1 to 300, the zeta potential of PDAPEI/miR-221/222 had a stable constant positive charge between 27 and 30 mV ([Figure 4B](#f4-ijn-12-4195){ref-type="fig"}). The morphology of PDAPEI/miR-221/222 was measured by TEM, where 60--80 nm diameter particles with spherical shape and uniform size were observed, which was consistent with the particle size analysis ([Figure 4C1, C2](#f4-ijn-12-4195){ref-type="fig"}). The above studies were repeated at 1 month post-PDAPEI synthesis and stored at −20°C and got similar results, which indicated that the polymer is stable under this condition at least 1 month.

Cytotoxicity to SCs and toxicity in vivo
----------------------------------------

To measure the cytotoxicity of complexes against SCs in vitro, cell counting was performed using CCK-8. As shown in [Figure 5](#f5-ijn-12-4195){ref-type="fig"}, the cytotoxicity of PDAPEI/miR-221/222 to SCs was significantly lower than that of the PEI25kDa/miR 221/222 complexes at 4 and 24 h posttransfection. The PDAPEI/miR-221/222 complexes maintained low cytotoxicity even at increasing concentrations. The viability of cells treated with PDAPEI/miR-221/222 complexes at different N/P ratios was higher than 80%. However, the cytotoxicity of the PEI25kDa/miR-221/222 complexes increased at higher polymer concentrations, at which the cell viabilities were only 25% at a N/P ratio of 200. No obvious cytotoxicity was observed for the naked miR-221/222 group. Interestingly, the pure polymer showed a little higher (no significant difference) cytotoxicity than the polyplexes at the same concentration (both PEI25kDa and PDAPEI), which indicated that the DNA-binding process may decreased the cytotoxicity of the polymer. To test the toxicity in vivo, PDAPEI/miR-221/222 at a N/P ratio of 300 was injected locally into right thigh muscle and showed a negligible toxicity comparable to the saline treated control group. Thus, this new cationic polymer PDAPEI is seemingly biocompatible as desired ([Figure 6](#f6-ijn-12-4195){ref-type="fig"}).

Transfection efficiency to SCs
------------------------------

The miR-221/222 encoding a GFP reporter gene can express GFP 48 h after successful transfer into cells. In our study, different ratios of PDAPEI/miR-221/222 complexes at ratios ranging from 1 to 300 (N/P) were used to transfect SCs. The qualitative result was observed under fluorescence, while quantitative evaluation was performed by flow cytometry. As shown in [Figure 7A--D](#f7-ijn-12-4195){ref-type="fig"}, hardly any fluorescence was observed in miR-221/222 alone group and the PDAPEI/miR-221/222 complexes group showed a considerably high GFP protein expression. Transfection efficiency of the PDAPEI/miR-221/222 complexes became increased as the N/P ratio rose from 1 to 200 and was maintained in the higher ratios from 200 to 300, where a \~15% GFP-positive cells were observed. We also examined the transfection efficiency of PEI25kDa at lower concentrations where cell viability is more than 50% according [Figure 5](#f5-ijn-12-4195){ref-type="fig"}. These results demonstrated that a similar (even better) transfection efficiency of PDAPEI was observed, especially at the N/P ratios of 100 and above, when compared with the positive control PEI25kDa/miR-221/222 complexes ([Figure 7E](#f7-ijn-12-4195){ref-type="fig"}).

NGF and MBP expression
----------------------

Western blot analysis was used to detect the intracellular expression of NGF and MBP. As shown in [Figure 8A](#f8-ijn-12-4195){ref-type="fig"}, there was no obvious difference between the blank and negative control (NC) group, indicating that PDAPEI alone did not significantly alter the expression of NGF and MBP in SCs (*P*\>0.05). The relative expression of NGF of miR-221/222^+^ group was significantly higher than that of the miR-221/222^−^ group (*P*\<0.01). For the expression of MBP, the difference was more obvious between the miR-221/222^+^ and miR-221/222^−^ group (*P*\<0.001). The effect of miR-221/222 on the expression of NGF and MBP miRNA in SCs was examined by real-time RT-PCR analysis, and the results were in agreement with the results of the Western blot analysis ([Figure 8B](#f8-ijn-12-4195){ref-type="fig"}).

Animal study
------------

In the in vivo study, no severe complications such as inflammation, infection, and anesthesia accident were observed throughout the experiment.

The results of functional recovery are shown in [Figure 9](#f9-ijn-12-4195){ref-type="fig"}. The NCV and DCMAP in the miR-221/222^+^ group (69.2±3.6 ms^−1^, 17.4±1.6 mV) were significantly better than those in the other three groups (n=6, *P*\<0.01). At 4 weeks posttreatment, the SFI of the blank group (−42.4±2.7) was significantly lower than that for the miR-221/222^+^ group (−12.1±2.2) (n=6, *P*\<0.05). The recovery rates of triceps surae muscles in the miR-221/222^+^ group were significantly higher than those in the NC group and the blank group (n=6, *P*\<0.05). The functional recovery results for the miR-221/222^−^ group were the worst compared to the other three groups.

The ultrastructure and immunohistochemistry of the regenerated nerve 4 weeks post-treatment are shown in [Figure 10](#f10-ijn-12-4195){ref-type="fig"}. The myelin sheath thickness was measured using TEM, and the results are presented in [Figure 10A1--A4](#f10-ijn-12-4195){ref-type="fig"}. The miR-221/222^+^ group exhibited regenerated nerve fibers with thicker myelin sheaths, which were more similar to the normal nerve fibers ([Figure 10 B1--B4](#f10-ijn-12-4195){ref-type="fig"}). The injury site exhibited MBP protein expression during regeneration ([Figure 10C1--C4](#f10-ijn-12-4195){ref-type="fig"}). At 4 weeks post-treatment, very little MBP was detected in the miR-221/222^−^ group ([Figure 7C1](#f7-ijn-12-4195){ref-type="fig"}). However, significantly more MBP expression was observed in the miR-221/222^+^ group, which showed ring-like positive expression shapes ([Figure 10C4](#f10-ijn-12-4195){ref-type="fig"}). The results of statistical analysis are shown in [Figure 10D--F](#f10-ijn-12-4195){ref-type="fig"}. At 4 weeks posttreatment, the myelin sheath thickness was significantly greater in the miR-221/222^+^ group compared to the blank group (0.58±0.07 μm vs 0.34±0.09 μm; *P*\<0.05). However, no significant difference between the NC group and the blank group was observed in the thickness of the myelin sheath (0.38±0.06 μm vs 0.34±0.09 μm; *P*\>0.05) ([Figure 10D](#f10-ijn-12-4195){ref-type="fig"}). More unmyelinated axons than myelinated axons were detected in the miR-221/222^−^ group ([Figure 10E](#f10-ijn-12-4195){ref-type="fig"}). Irregular positive spots were seen in the blank and NC group, greater MBP expression than the miR-221/222^−^ group but less than in the miR-221/222^+^ group (n=6, *P*\<0.05) ([Figure 10F](#f10-ijn-12-4195){ref-type="fig"}).

Discussion
==========

Gene therapy shows great potential in treating enormous amount of illness but lack of an ideal gene delivering system remains one of the major obstacles to application.[@b38-ijn-12-4195],[@b39-ijn-12-4195] In the present study, the presynthesized cationic polymer PDAPEI, which has shown great potential in delivering gene for tumor and rheumatoid arthritis treatment,[@b34-ijn-12-4195],[@b35-ijn-12-4195] was explored for its possible dene delivering application in peripheral nerve regeneration. Mir-221/222 was tested for in vivo nerve regeneration for the first time in our study. PDAPEI/miR-221/222 complexes promoted nerve regeneration after sciatic nerve crush, which may provide a safe therapeutic means of treating nerve crush injury.

PEI25kDa has a higher density of cationic charges, which indicates a greater DNA packing capability and a higher transfection efficiency, but the cytotoxicity limits its wide application.[@b18-ijn-12-4195] A lot of work has been performed to evaluate the cross-linking of low molecular weight PEI, which has been applied in different cell lines. In this study, we synthesized a low molecular weight cross-linked poly (ethylene imine) using PDA and named it PDAPEI. PDAPEI/pDNA shows a low cytotoxicity and relatively high transfection efficiency, with a perfect particle size (60--85 nm) and a constant positive zeta potential (16--21 mV). Furthermore, for all N/P ratios from 1 to 300, no particle size was more than 150 nm (the maximum size for easy endocytosis). Thus, the suitable particle size and zeta potential facilitate crossing the negative-charged cell membrane barrier. The DNA binding capability of nanoparticles is a prerequisite characteristic for protecting gene from degradation in gene delivery systems.[@b40-ijn-12-4195] In the agarose gel electrophoresis assay, the band for pDNA was completely invisible at a N/P ratio of 5 and above, which indicated that the polycationic material PDAPEI can effectively bind the plasmid DNA at a small ratio. In our study, PDAPEI had a relatively low cytotoxicity but supported a higher (80%) cell viability at all N/P ratios tested. We attribute this to the fact that PDAPEI can biodegrade into low molecular weight PEI and 2,6-pyridinedicarboxylic acid in the acidic intracellular environment. Similar degradation process has been validated in our previous study.[@b41-ijn-12-4195] All the characteristics observed demonstrated that PDAPEI is a promising agent for gene delivery. In this study, we achieved a transfection efficiency of 15%, lower than previously non-viral transfection protocol, where a transfection rate of 33% was reported.[@b42-ijn-12-4195] Howbeit a similar transfection efficiency was observed in the positive PEI25kDa control group (12%). Meanwhile, the cell viability was higher than the previous vector in different ratios as follows: more than 90% (N/P: 1--150) and 80% (N/P: 200--300) in our study, demonstrating that PDAPEI is a more biocompatible and lower toxic material. All the experiments were repeated three times, and some of these results were confirmed to be similar to what is reported in the literature.

MicroRNA therapy has been examined in neuroscience and plays an important role in the synaptic plasticity and regeneration of neurons.[@b43-ijn-12-4195]--[@b45-ijn-12-4195] SCs participate in the production of NGF and differentiation into myelinating cells after peripheral nerve injury, and miRNA plays an important role in this procedure.[@b46-ijn-12-4195],[@b47-ijn-12-4195] Forty-eight hours after the successful transfection of miR-221/222 into SCs, the expression of NGF and MBP in the miR-221/222^+^ group was significantly higher than that in the control group. The probable explanation is that miR-221/222 promoted SCs proliferation, and LASS2 is the target.[@b32-ijn-12-4195] Additionally, LASS2 3′-UTR 5′... AAGUUUGGCAUGAUGUAGC... is in alignment with the miR-221 3′-UUUGGGCGU...CUGUUACAUCG, and miR-222 3′-UGGGUCAUCGGU...CUACAUCG, binds to the highly expressed miR-221/222 to promote SCs proliferation and migration.

Lots of miRNAs have been explored for nerve regeneration, but fewer testified in vivo study. MiR-338 and miR-21 were cotransfected for the treatment of 10 mm rat sciatic nerve defect bridged with collagen nerve conduits and got a relatively satisfying therapeutic intervention.[@b28-ijn-12-4195] Similar to this study, we also explored the potential value of the PDAPEI/miR-221/222 complexes for crush nerve injury regeneration in vivo. Myelin is required for the conduction of action potentials and axonal trophic support, which is synthesized by SCs in the peripheral nervous system.[@b48-ijn-12-4195] MiRNAs play an important role in myelinating glia by modulating gene expression patterns in SCs.[@b49-ijn-12-4195]--[@b51-ijn-12-4195] The thickness of myelin sheath is a symbol of myelination and maturation. In the animal study, the myelin sheath thickness of the regenerated nerve in miR-221/222^+^ group was 0.58±0.07 μm, which was much better than that in the control group 0.34±0.09 μm. This suggests that upregulating the expression of miR-221/222 in SCs enhanced myelination. Possible explanation is that the upregulation of miR-221/222 promoted MBP secretion in SCs. These results were confirmed in the miR-221/222- group, where exhibited fewer myelinated nerve fibers and in which MBP expression was not detected. The MBP-positive area was significantly larger in samples from the miR-221/222^+^ group than in the other three groups, which demonstrates that more myelination occurred in this group. Although the mechanism for miR-221/222 for nerve regeneration is not completely understood yet, our study demonstrated its feasibility and potential value for further study. Meanwhile, our study has a more systemic and comprehensive analysis (both in vitro and in vivo) than pervious miRNA transfection study for peripheral nerve regeneration. Some other treatments have been applied for promotion of regeneration after sciatic nerve crush, such as Sam68, melatonin, and tissue plasminogen.[@b52-ijn-12-4195]--[@b55-ijn-12-4195] These studies got a closely approximate functional results as our study. One possible explanation for this phenomenon is that peripheral nerve regeneration is a multicellular complexity problem and multiple factors can affect these processes.[@b56-ijn-12-4195]

In this study, PDAPEI was synthesized to deliver miR-221/222 into SCs and showed a lower cytotoxicity and better transfection efficiency and had the same DNA condensation capability compared to PEI25kDa. The upregulated expression of miR-221/222 in SCs enhanced NGF and MBP expression in vitro and remyelination and functional recovery in vivo. Considering the complexity of central nervous system and the limitations of SNCI animal model, all these results were applicable only for peripheral nerve system. The definitive target of PDAPEI/miR-221/222 for peripheral nerve regeneration is not clearly determined, but the results of this study indicate that the use of PDAPEI to deliver miR-221/222 has great potential application in rat sciatic nerve regeneration and is worthy of further study.
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![Highly purified SCs are used in this study.\
**Notes:** (**A**) S100-β (red); (**B**) p75NGFR (green); (**C**) merged (blue, nucleus). Scale bar, 50 μm.\
**Abbreviation:** SCs, Schwann cells.](ijn-12-4195Fig1){#f1-ijn-12-4195}

![Synthesis reaction of PDAPEI.\
**Abbreviations:** PEI, polyethylenimine; PDAPEI, PEI (1.8 kDa, branched) derivative with 2,6-pyridinedicarboxaldehyde (PDA) linkage.](ijn-12-4195Fig2){#f2-ijn-12-4195}

![DNA binding capability of PDAPEI.\
**Notes:** (**A**) Agarose gel electrophoresis of complexes at various N/P ratios. (**B**) Statistical analysis indicated that the band for miR-221/222 was completely invisible at a N/P ratio of 5 or above for PDAPEI. Data are shown as the mean ± SD (n=3).\
**Abbreviations:** PDAPEI, PEI (1.8 kDa, branched) derivative with 2,6-pyridinedicarboxaldehyde (PDA) linkage; PEI, polyethylenimine; SD, standard deviation.](ijn-12-4195Fig3){#f3-ijn-12-4195}

![Characteristics of PDAPEI/pDNA complexes.\
**Notes:** (**A**) Particle size, (**B**) zeta potential. Data are shown as the mean ± SD (n=4) (different N/P). (**C1** and **C2**) Morphology of the complexes was measured using the TEM (scale bar: C1, 100 nm; C2, 0.2 μm).\
**Abbreviations:** PDAPEI, PEI (1.8 kDa, branched) derivative with 2,6-pyridinedicarboxaldehyde (PDA) linkage; PEI, polyethylenimine; SD, standard deviation; TEM, transmission electron microscope.](ijn-12-4195Fig4){#f4-ijn-12-4195}

![Cytotoxicity to rat SCs in vitro.\
**Notes:** Tested with CCK-8 assay (viability cells %) (different N/P). (**A**) Four-hour posttransfection and (**B**) 24-h posttransfection. The results have been repeated for three times (blue column, PEI25kDa at the same concentration without miR-221/222; red column, PDAPEI at the same concentration without miR-221/222).\
**Abbreviations:** CCK, Cell Counting Kit; PDAPEI, PEI (1.8 kDa, branched) derivative with 2,6-pyridinedicarboxaldehyde (PDA) linkage; PEI, polyethylenimine; SCs, Schwann cells.](ijn-12-4195Fig5){#f5-ijn-12-4195}

![Toxicity to main organs and local muscle tissue in vivo.\
**Notes:** Measured by frozen section after systemic injection of saline, naked siRNA and complexes at a N/P ratio of 300 (**A1**--**C1**, the saline control group; **A2**--**C2**, the naked miR-221/222 group; **A3**--**C3**, the PDAPEI/miR-221/222 group; **A1**--**A3**, local right thigh muscle; **B1**--**B3**, liver; **C1**--**C3**, kidney. Scale bar, 100 μm; H&E staining, ×200).\
**Abbreviations:** H&E, hematoxylin and eosin; PDAPEI, PEI (1.8 kDa, branched) derivative with 2,6-pyridinedicarboxaldehyde (PDA) linkage; PEI, polyethylenimine; si RNA, short interfering RNA.](ijn-12-4195Fig6){#f6-ijn-12-4195}

![Transfection efficiency of PDAPEI to SCs.\
**Notes:** (**A**) The naked miR-221/222 group, (**B**) PEI25kDa/miR-221/222 group (at N/P ratio of 10), (**C**) PDAPEI/miR-221/222 group (at N/P ratio of 200), (**D**) The percentage of EGFP-positive cells (%) from different groups, (**E**) Transfection efficiency of PDAPEI and PEI25kDa at different N/P. Transfection efficiency was measured by flow cytometry (**A1**--**C1**, observed by light microscopy; **A2**--**C2**, observed by fluorescence microscopy; Scale bar, 100 μm. \**P*\<0.05, PDAPEI/miR-221/222 group versus PEI25kDa/miR-221/222 group; ^ϕϕ^*P*\<0.01, PEI25kDa/miR-221/222 group versus naked miR-221/222 group; ^\#\#\#^*P*\<0.001, PDAPEI/miR-221/222 group versus naked miR-221/222 group).\
**Abbreviations:** PDAPEI, PEI (1.8 kDa, branched) derivative with 2,6-pyridinedicarboxaldehyde (PDA) linkage; PEI, polyethylenimine; SCs, Schwann cells.](ijn-12-4195Fig7){#f7-ijn-12-4195}

![Effect of PDAPEI/miR-221/222 on the expression of nerve growth factor (NGF) and myelin basic protein (MBP) in SCs in vitro.\
**Notes:** (**A**) NGF and MBP expression determined by western-blot analysis and (**B**) RT-PCR analysis of NGF and MBP miRNA expression. ^β^*P*\<0.05, the blank group versus miR-221/222^−^ group; ^δ^*P*\<0.05, the NC group versus miR-221/222^−^ group; ^\#^*P*\<0.05, ^\#\#^*P*\<0.01, miR-221/222^+^ group versus the blank group; ^ϕ^*P*\<0.05, ^ϕϕ^*P*\<0.01, miR-221/222^+^ group versus the NC group; \*\**P*\<0.01, \*\*\**P*\<0.001, miR-221/222^+^ group versus miR-221/222^−^ group.\
**Abbreviations:** MBP, myelin basic protein; NGF, nerve growth factor; PDAPEI, PEI (1.8 kDa, branched) derivative with 2,6-pyridinedicarboxaldehyde (PDA) linkage; PEI, polyethylenimine; NC, negative control; SCs, Schwann cells.](ijn-12-4195Fig8){#f8-ijn-12-4195}

![Functional recovery of rats 4 weeks posttreatment.\
**Notes:** (**A**) NCV, (**B**) DCMAP, (**C**) recovery rate of triceps weight, (**D**) SFI from the blank, miR-221/222^−^, NC, and miR-221/222^+^ group (n=6 in each group. ^β^*P*\<0.05, the blank group versus miR-221/222^−^ group; ^δ^*P*\<0.05, the NC group versus miR-221/222^−^ group; ^\#^*P*\<0.05, miR-221/222^+^ group versus the blank group; ^ϕ^*P*\<0.05, miR-221/222^+^ group versus the NC group; \*\**P*\<0.01, miR-221/222^+^ group versus miR-221/222^−^ group).\
**Abbreviations:** DCMAP, distal compound motor action potential; NCV, nerve conduction velocity; SFI, sciatic function index; NC, negative control.](ijn-12-4195Fig9){#f9-ijn-12-4195}

###### 

Ultrastructure and immunohistochemistry of the regenerated nerve 4 weeks posttreatment.

**Notes:** (**A1**--**A4**) Histology images by micrographs, scale bar: 2 μm. (**B1**--**B4**) Histology images stained with methylene blue, scale bar: 50 μm. (**C1**--**C4**) MBP immunohistochemistry of regenerated nerves. The brown spots indicated MBP-positive area, scale bar: 20 μm (**A1**--**C1**, miR-221/222^−^ group; **A2**--**C2**, the blank group; **A3**--**C3**, NC group; **A4**--**C4**, miR-221/222^+^ group). (**D**) Thickness of myelin sheath. (**E**) Density of myelinated nerve fibers (/10,000 μm^2^). (**F**) MBP-positive area (n=6 in each group. ^β^*P*\<0.05, ^ββ^*P*\<0.01 the blank group versus miR-221/222^−^ group; ^δ^*P*\<0.05, ^δδ^*P*\<0.01 the NC group versus miR-221/222^−^ group; ^\#^*P*\<0.05, ^\#\#^*P*\<0.01 miR-221/222^+^ group versus the blank group; ^ϕ^*P*\<0.05, ^ϕϕ^*P*\<0.01, miR-221/222^+^ group versus the NC group; \*\**P*\<0.01, \*\*\**P*\<0.001, miR-221/222^+^ group versus miR-221/222^−^ group).

**Abbreviations:** MBP, myelin basic protein; TEM, transmission electron microscope.
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